Salmonella enterica is a gram-negative intracellular pathogen that can cause a variety of diseases ranging from gastroenteritis to typhoid fever. The Typhimurium serotype causes gastroenteritis in humans; however, infection of mice results in an enteric fever that resembles human typhoid fever and has been used as a model for typhoid fever. The present study examined the role of the chemokine CCL2 in the control of Salmonella infection. Upon infection with salmonellae, mucosal expression of CCL2 is rapidly up-regulated, followed by systemic expression in the spleen. CCL2
Salmonella enterica comprises a group of intracellular gramnegative bacteria that are pathogens of humans and livestock (49) . In humans, ingestion of different Salmonella serovars leads to different diseases. For example, Salmonella serotype Typhimurium causes enterocolitis and gastroenteritis characterized by diarrhea and severe changes in the intestine and mesenteric lymph nodes (38, 39) . A second serovar, Typhi, is the known causative agent of typhoid fever, a systemic infection characterized by both enteric fever and diarrhea. However in mice, infection with serovar Typhimurium gives rise to enteric fever with symptoms of those closely related to human S. enterica serovar Typhi (61) , making it a widely accepted experimental model for human typhoid fever.
Lipopolysaccharide (LPS) is a major cell wall component of gram-negative bacteria, and it is a primary mediator of the resulting symptoms during Salmonella infection. The widespread activation of cells responsive to bacteria and cell wall components, such as LPS, results in the release of inflammatory cytokines, chemokines, prostaglandins, and reactive oxygen species. These compounds lead to hemodynamic and inflammatory changes that can lead to an acute illness known as sepsis, characterized by shock, coagulopathy, and organ dysfunction (61) . LPS is recognized by an LPS binding protein that binds to CD14, allowing it to be recognized by Toll-like receptor 4 (31, 64) . After binding TLR4, there are a series of intracellular signaling events that result in the activation of mitogen-activated protein kinase pathways and the ultimate activation of NF-B (31, 54, 65, 66) . LPS mediates many events in early stages of inflammation by stimulating the innate immune system to secrete important factors such as tumor necrosis factor alpha (TNF-␣), interleukin-6 (IL-6), gamma interferon (IFN-␥), and CXC and CC chemokines (50, 55, 56, 68) . These factors are important in the activation of the host defense network in terms of the innate and adaptive immune response and the mobilization of effector cell types such as macrophages and neutrophils necessary for the clearance of bacterial infection (15) . Cytokine and chemokine expression by intestinal epithelial cells is stimulated by Salmonella infection (16, 21, 40, 48, 68) . This results in the chemoattraction of neutrophils as one of the first-line host defense mechanisms (6, 33) . Eventually, salmonellae infect macrophages (42) and if the bacteria are not killed they can be disseminated to peripheral organ systems (59) . The innate immune cytokine responses such as IL-12, IL-6, and TNF-␣ can function to shape the adaptive immune responses to Salmonella proteins and effect long term immunity (34, 60) .
CCL2 is a member of the CC family of chemokines that is a chemoattractant for T cells, monocytes, mast cells, and basophils (43) and is produced by both immune and nonimmune cells in response to stimuli such as endotoxin (3) . In addition to its effects of inflammation, CCL2 has been implicated in the regulation of antigen-specific immune responses by inhibiting IL-12 production by granuloma macrophages (7) and promoting Th2 differentiation (28) . Furthermore, CCL2 has been identified as a critical molecule for the induction of oral tolerance by affecting cytokine regulation in the mucosal compartment (10) . CCL2 has also been identified as a potent mediator of sepsis. Following administration of endotoxin to both baboons (26) and humans (57) , plasma levels of CCL2 increase substantially. Furthermore, when mice were treated with anti-CCL2 antibodies prior to endotoxin exposure there was an increase in mortality from 10% to 65% (69) . Conversely, administration of CCL2 during endotoxin challenge protected the mice from death (69) . Finally, Nakano and colleagues (44) demonstrated that administration of CCL2 in-creased the survival of mice lethally infected with salmonellae by increasing macrophage activation. These results strongly suggest a potential role for CCL2 in the immune response to salmonellae necessary for its control and clearance by the host.
In the present study, we investigated the role of CCL2 in the response to S. enterica infection using CCL2-deficient mice. The results are the first to directly demonstrate the requirement for CCL2 in the innate immune response to intestinal mucosal salmonellae resulting in control and clearance of peripheral infection.
MATERIALS AND METHODS
Animals. Female C57BL/6 (H2 b ) (B6) mice were purchased from Harlan Sprague-Dawley (Indianapolis, IN). CCL2
Ϫ/Ϫ (H2 b ) (22) mice were previously described and have been backcrossed eight times onto the B6 background (24) . All mice were maintained at the Center for Comparative Medicine at Northwestern University. Mice were 6 to 7 weeks old at the initiation of the experiment and were maintained on standard laboratory chow and water ad libitum. Animal care and use were performed in accordance with Northwestern University and Public Health Service policies.
Bacterial culture and infections. S. enterica serovar Typhimurium strain SL1334 (provided by Kasturi Haldar, Northwestern University) was grown to stationary phase in Luria-Bertani (LB) medium at 37°C with constant shaking overnight. The next morning, bacteria were diluted 1:50 and grown in log phase for 4 to 5 h. The bacteria were quantified by reading the optical density at 600 nm. SL1334 was then washed three times in sterile phosphate-buffered saline (PBS) and resuspended at different concentrations ranging from 10 5 bacteria/ml to 10 9 bacteria/ml. Mice were fed 100 l by intragastric gavage and monitored twice a day and were euthanized if they became moribund.
CFU. Tissue was extracted, weighed, and placed in 1 ml of sterile PBS. The tissue was homogenized, and 50 l of homogenate was plated onto LB plates in multiple dilutions containing streptomycin. Twenty-four hours after plating, the colonies were counted and the number of CFU per milligram of tissue was calculated.
Chemokine ELISA. Assessment of CCL2 was quantified from tissue samples using a previously described enzyme-linked immunosorbent assay (ELISA) (35, 36) . Briefly, mucosal samples were harvested and homogenized in 1 ml PBS and clarified by centrifugation (400 ϫ g) for 10 min. Flat-bottom microtiter plates were coated with capture antibody diluted in sodium phosphate coating buffer and incubated at 4°C overnight. Nonspecific binding sites were blocked by incubation with 10% fetal calf serum in PBS for 1 h at 37°C, samples were subsequently added in triplicate, and the mixture was incubated for 2 h at 37°C. Horseradish peroxidase-conjugated anti-CCL2 antibody was added, and the mixture was incubated for an additional 1 h at 37°C. Plates were developed using o-phenylenediamine substrate, and absorbance was read at 490 nm. Standard curves for CCL2 were generated using a series of dilutions of purified recombinant CCL2 (R&D Systems). The detection limit of these assays is 31.25 pg/ml, and the ELISA is specific and does not cross-react with any other cytokine or chemokine. Chemokine levels in the mucosa and spleen were quantified by comparison to the standard curve and expressed as picograms per milliliter of tissue.
Cytokine bead array. Fifty-microliter experimental samples and standards were placed in a 96-well plate, 25 l of Beadlyte anti-mouse cytokine beads (IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IFN-␥, and TNF-␣) was mixed with each sample, and the mixture was incubated for 2 h in the dark. Twenty-five microliters of Beadlyte biotin anti-mouse cytokine reporters (IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IFN-␥, and TNF-␣) was added to the samples, and the mixture was incubated for 1.5 h in the dark while mixing. Streptavidin-phycoerythrin was then added to each well, and the mixture was incubated for 30 min in the dark. To stop the reaction in each well, 10 l of stop solution was added and the plate was incubated for an additional 5 min. Samples were read on a Luminex 100 instrument.
Salmonella LPS. Mice were injected intraperitoneally with 50 g Salmonella LPS purchased from Sigma (St. Louis, MO) and evaluated twice daily. Mice that were moribund were euthanized. Mice were anesthetized and bled retroorbitally to obtain serum to test for cytokines.
In vitro stimulation of macrophages. Peritoneal macrophages were harvested from normal CCL2
Ϫ/Ϫ and wild-type mice by rinsing the peritoneal cavity with Hanks balanced salt solution. Cells (5 ϫ 10 6 /ml) were plated in a 24-well plate and rested for 1 h at 37°C. SL1344 bacteria were grown overnight as described above. The bacteria were diluted to 4 ϫ 10 6 /ml (for a multiplicity of infection of 10), and 1 ml was added to the macrophages. The plate was centrifuged at 400 ϫ g for 5 min to create more contact between the bacteria and the monolayer. Another set of macrophages received 1 g/ml of Salmonella LPS (Sigma). The plates were placed at 37°C, and infection was allowed to proceed for 30 min. The bacteria were removed by washing the plates three times with serum-free medium, and fresh Dulbecco modified Eagle medium (with 10% fetal bovine serum) containing 100 g/ml gentamicin was added to the wells. The gentamicin concentration was reduced to 10 g/ml after 1.5 h. Medium was collected at various time points following infection for analysis of cytokines and chemokine secretion.
Statistical analysis. Statistical significance of cytokine levels was analyzed using Student's t test for comparisons of two means. Differences between percentages of mice affected were determined by using the 2 Fischer exact test. Values of P Յ 0.05 were considered significant.
RESULTS
CCL2 is expressed mucosally and systemically after infection with S. enterica serotype Typhimurium. C57BL/6 mice were infected orally with 10 8 virulent S. enterica serotype Typhimurium strain SL1334 bacteria. Gut-associated lymphoid tissues (GALT; Peyer's patch and mesenteric lymph nodes), spleen tissue, and serum were harvested at various days after infection and analyzed for production of CCL2 by ELISA. The results in Fig. 1 demonstrate that infection with salmonellae resulted in a dramatic up regulation of CCL2 in the GALT 1 day after infection, followed by a rapidly decline. In the spleen and serum, Salmonella infection induced little CCL2 1 day after infection; however, the levels of CCL2 increased dramatically as late as 11 days postinfection (Fig. 1) . These data suggest that Salmonella infection induces a temporal pattern of spatial CCL2 expression as infection progresses.
CCL2 ؊/؊ mice show reduced survival following infection with salmonellae. The increase in CCL2 expression in the mucosal tissue soon after infection suggested that CCL2 may be an important innate immune factor in modulating Salmonella infection. To directly test the contribution of CCL2 to the pathogenesis of Salmonella infection, CCL2
Ϫ/Ϫ and C57BL/6 bacteria. When CCL2 Ϫ/Ϫ mice were infected with 10 8 organisms, they showed significantly lower survival compared to control mice at days 6 to 8 following infection (Fig. 2B) . Similarly, when CCL2 Ϫ/Ϫ mice were infected with 10 4 organisms, they showed significantly decreased survival compared to controls at days 6 to 10 postinfection (Fig. 2C) . These data strongly suggest that CCL2 is critical for survival following Salmonella infection.
CCL2 ؊/؊ mice show an enhanced systemic bacterial burden. The rapid morbidity and mortality of the CCL2 Ϫ/Ϫ mice following infection with 10 4 or 10 8 salmonellae could be due to a number of different possibilities. The first was that the salmonellae were disseminating and replicating at a higher rate in the CCL2 Ϫ/Ϫ mice. To test this possibility, bacterial burdens were evaluated by enumerating the number of CFU in the GALT (defined as Peyer's patches), spleens, and livers of CCL2 Ϫ/Ϫ and wild-type C57BL/6 mice following infection with 10 8 Salmonella organisms. We chose to evaluate bacterial burdens at two time points following infection: days 2 and 5 following bacterial inoculation. At these time points, the GALT, spleen, and liver were harvested and homogenized and extracts plated onto LB agar plates. The results in Fig. 3 show that mice had a significantly greater bacterial burden in the liver at day 5 postinfection compared to wild-type controls (Fig. 3F) . These data suggest that CCL2 Ϫ/Ϫ mice cannot control the systemic dissemination of salmonellae and that this may be a contributing factor in the decreased survival rate.
Increased levels of inflammatory cytokines in CCL2
؊/؊ mice after infection with salmonellae. In order to gain insight into the mechanism of CCL2 regulation of immunity to salmonellae, we considered the possibility that CCL2 regulated inflammatory cytokine expression following infection. Serum and mucosal tissue from mice infected with 10 4 salmonellae were examined for expression of cytokines that have been shown to be important during infection (TNF-␣, IL-6, IL-10, and IL-12). The results in Fig. 4 show that levels of TNF-␣ were significantly higher in both the serum and mucosal tissue of the CCL2 Ϫ/Ϫ animals at each time point following infection compared to wild-type mice. Serum and mucosal IL-6 was also significantly elevated following Salmonella infection in the CCL2 Ϫ/Ϫ mice ( Fig. 4C and D, respectively) . Interestingly, 3 days following infection with salmonellae, CCL2 Ϫ/Ϫ mice had significantly lower levels of serum and mucosal IL-10 ( Fig. 4E  and F ) and no observable differences in IL-12p70 ( Fig. 4G and  H) or IFN-␥ (data not shown) compared to C57BL/6 mice. These data suggest that following Salmonella infection, CCL2 Ϫ/Ϫ mice express higher levels of TNF-␣ and IL-6 and that the high mortality rate seen in the CCL2 Ϫ/Ϫ mice may be due to this dysregulated cytokine response. CCL2 ؊/؊ mice have decreased survival after Salmonella LPS administration. CCL2 Ϫ/Ϫ mice succumb to infection with salmonellae at a dose at which wild-type mice effectively clear the bacteria (Fig. 2C) . In an effort to understand the increased morbidity and mortality and inflammatory cytokine production of the CCL2 Ϫ/Ϫ mice, we administered Salmonella-derived LPS to CCL2 Ϫ/Ϫ and C57BL/6 mice. The rationale behind this experiment was the possibility that the increased bacterial load seen in the livers of CCL2 Ϫ/Ϫ mice 5 days after infection could be contributing an increased LPS load that is known to stimulate TNF-␣ expression. The results in Fig. 5 show that control C57BL/6 mice administered 50 g of purified Salmonella LPS had little morbidity. In contrast, CCL2
Ϫ/Ϫ mice that were given the same dose of purified Salmonella LPS became moribund and were euthanized on the third day after the LPS challenge (Fig. 5) . Figure 5B shows that serum levels of CCL2 are also elevated following treatment with purified Salmonella LPS in the wild-type mice between days 1 and 3 postchallenge. Serum was collected at three time points post LPS administration to evaluate levels of TNF-␣, IL-6, IL-12p70, and IL-10 in CCL2 Ϫ/Ϫ and C57BL/6 control mice. The results in Fig. 6 show that CCL2 Ϫ/Ϫ mice that received 50 g purified Salmonella LPS expressed significantly higher levels of serum TNF-␣ (Fig.  6〈 ) and IL-6 (Fig. 6B ) at all time points compared to C57BL/6 mice. Interestingly, the CCL2 Ϫ/Ϫ mice had significantly less serum IL-10 compared to wild-type mice (Fig. 6C) . IL-12p70 levels were not significantly different between the groups (Fig.  6D) . The results in Fig. 7 show that macrophages derived from CCL2 Ϫ/Ϫ mice infected with salmonellae or stimulated with Salmonella LPS produced significantly larger amounts of TNF-␣ and IL-6. The data in Fig. 5 and 6 obtained using purified Salmonella LPS recapitulate the findings obtained with Salmonella-infected CCL2 Ϫ/Ϫ mice. Collectively, these data suggest that CCL2 Ϫ/Ϫ mice exhibit increased morbidity and mortality due to increased inflammatory cytokine expression induced by an elevated systemic LPS burden.
DISCUSSION
The present study demonstrates that CCL2 acts as a critical effector molecule in the response against the gram-negative pathogen S. enterica serotype Typhimurium by regulating the host inflammatory cytokine response. After infection with salmonellae, mice secrete a large amount of CCL2 in the intes- on September 22, 2017 by guest http://iai.asm.org/ tinal mucosal sites. As the salmonellae disseminate, CCL2 is found at high levels in systemic sites such as the spleen (Fig. 1 ) and serum. Mice deficient in CCL2 succumb to an endotoxicdisease-like illness regardless of the infecting dose of salmonellae ( Fig. 2) and are less able to control a systemic Salmonella infection (Fig. 3) . The CCL2 Ϫ/Ϫ mice show significantly elevated levels of the inflammatory cytokines TNF-␣ and IL-6 (Fig. 4) . The CCL2
Ϫ/Ϫ mice also demonstrated decreased survival after administration of purified Salmonella LPS with accompanying elevated levels of TNF-␣ and IL-6 in the serum. Taken together, our results suggest that CCL2 is an important factor in the innate response against intestinal Salmonella infection and LPS load by regulating TNF-␣ and IL-6.
Three immediate possibilities exist that could explain how CCL2 regulates the immune response to and subsequent control of Salmonella infection. The first is that CCL2 could be regulating the migration of neutrophils and/or macrophages to tissue sites for the clearance of bacteria. We do not favor this possibility as we did not detect any changes in neutrophil or macrophage migration in mucosal, splenic, or liver tissue of infected CCL2
Ϫ/Ϫ or control mice at any time after bacterial infection using both flow cytometric and standard histologic methods (data not shown). Despite our results, others have reported that administration of CCL2 to Salmonella-infected mice resulted in enhanced macrophage activation and accumulation (44) . Although CCL2 addition can modulate leukocyte accumulation, it does not appear to be necessary for control of leukocyte accumulation in the regulation of Salmonella dissemination.
The second possibility that arises from our results is that CCL2 stimulates the expression of regulatory cytokines, such as IL-10, that inhibit inflammatory immune responses. Therefore, the lack of CCL2 resulted in the lack of IL-10. Interestingly, we found that CCL2 Ϫ/Ϫ mice infected with salmonellae or treated with purified Salmonella LPS had lower levels of serum and mucosal IL-10 ( Fig. 4 and 6 ). Our data partially support the results of another study examining the role of CCL2 during sepsis, where administration of anti-CCL2 antibody resulted in decreased serum levels of IL-10 and sepsis (69) . IL-10 has been shown to be important in the pathogenesis of Salmonella infection and regulation of subsequent host immune responses. IL-10 levels are increased in susceptible strains of mice (47) , suggesting that those strains producing IL-10 at high levels cannot adequately control the infection (15) . Conversely, anti-IL-10 treatment of infected mice resulted in enhanced host resistance, suggesting that removing The fact that our present work with salmonellae and the aforementioned study on sepsis (69) both found decreased levels of IL-10 in the absence of functional CCL2 is important because of the many immune suppressive effects of IL-10. IL-10 has been shown to block the antigen-presenting capacity of macrophages and dendritic cells (13, 14, 37) . IL-10 can inhibit costimulatory molecule expression (13, 63) and block cytokine production (19) . The major role for IL-10 in decreasing cytokine production is stabilization of IB␣ (54) in the cytoplasm and preventing LPS-induced NFB activation (62) by inhibiting the IB kinases (52) , which by phosphorylating the NFB inhibitor IB␣ induces the proteolysis of IB␣ and the release of NFB. IL-10 also induces suppressor of cytokine signaling 3, which can inhibit many aspects of IL-6-initiated signaling (46) . Therefore, if there is a CCL2-mediated decrease in IL-10 function, one might expect a concomitant increase in inflammatory cytokines such as TNF-␣. In models of endotoxemia and sepsis, IL-10 has been shown by a number of groups to inhibit TNF-␣ production (32, 58) . The direct effect of CCL2 on the regulation of IL-10 in the present model of Salmonella infection is unknown but currently under investigation. The third possibility to explain our present results is that CCL2 stimulation directly represses TNF-␣ and IL-6 expression. We are currently exploring this possibility in depth in this model. Hildebrandt and colleagues (23) have demonstrated that in CCR2 Ϫ/Ϫ mice unable to respond to CCL2 there was a reduction in TNF-␣ levels. Therefore, we favor the interpretation in the present study that CCL2 is directly regulating TNF-␣ expression and the effects on IL-10 are secondary. This conclusion is also based on the observation that at days 1, 3, and 6 post Salmonella infection, TNF-␣ is dramatically enhanced in the CCL2 Ϫ/Ϫ mice whereas IL-10 expression is not affected until day 3 postinfection (Fig. 4) . This idea is also supported by a previous study that demonstrated that the endogenous TNF-␣ expression in response to LPS challenge functioned to inhibit early IL-10 production but enhance later IL-10 production in the liver (2). However, this does not rule out the possibility that the down regulation of IL-10 contributes to enhanced inflammatory cytokine expression at later time points. During septic shock with gram-negative microorganisms, mortality is determined by two independent factors: high concentrations of circulating proinflammatory cytokines and multiplication of the microorganisms in the organs of the host. This is best demonstrated by the study that showed that TNF Ϫ/Ϫ LT Ϫ/Ϫ mice were more resistant to LPS challenge and more susceptible to Salmonella infection (11) . It is well accepted that Salmonella infection results in activation of the TLR4 signaling cascade culminating with TNF-␣ expression (51) via the NF-B pathway (17) . Furthermore, macrophages and neutrophils (30) , as well as dendritic cells (67) , have been shown to be sources of this proinflammatory cytokine. Neutralization of IL-1 or TNF-␣ has been shown to result in increased infection (12) . These examples demonstrate the central nature of TNF expression during Salmonella infection and host defense.
That CCL2 can directly regulate inflammatory cytokine expression was previous demonstrated in oral tolerance systems. Mice fed specific soluble antigen and treated with anti-CCL2 antisera demonstrated an inability to generate oral tolerance and showed enhanced mucosal IL-12 expression (27) . Furthermore, mice lacking either CCL2 or its receptor CCR2 also did not develop oral tolerance due to enhanced IL-12 expression (10). Additionally, Braun et al. (5) demonstrated that direct stimulation of monocytes and dendritic cells with CCL2 resulted in decreased IL-12 and, to a lesser extent, TNF-␣. The regulation of inflammatory cytokine expression by CCL2 can be modulated by other chemokines such as CCL5 (9), further illustrating the complex network of cytokines involved in host immune responses outside the realm of chemoattraction.
In addition to IL-10 and TNF-␣ as mediators in the host response to Salmonella infection, the IL-12 family members (53) , as well as IL-18 (41, 45) , have been shown to be involved in the host defense against salmonellae. Anti-IL-12 treatment of infected mice resulted in enhanced infection and increased disease (4, 8, 29) . However, the importance of IL-12 appears to FIG. 7 . Macrophage cytokine response to Salmonella infection and LPS challenge. Wild-type (Wt) and CCL2 Ϫ/Ϫ mouse peritoneal macrophages were isolated, plated at a density of 5 ϫ 10 6 /well, and incubated with S. enterica serovar Typhimurium SL1334 (at a multiplicity of infection of 10) or with 1 g/ml Salmonella LPS. Medium was collected at various time points, and the supernatants were analyzed for production of TNF-␣ (A) and IL-6 (B). These data are representative of three identical experiments. An asterisk denotes P Ͻ 0.05 for CCL2 Ϫ/Ϫ mouse macrophages infected with salmonellae compared to wild-type macrophages infected with salmonellae. A double asterisk denotes P Ͻ 0.05 comparing CCL2 Ϫ/Ϫ mouse macrophages to wildtype mouse macrophages incubated with Salmonella LPS. be linked to the p40 subunit as p40 Ϫ/Ϫ , but not p35 Ϫ/Ϫ , mice showed high mortality due to disseminated bacterial infection (34) . Despite these examples, we did not find that CCL2 plays a significant role in the regulation of IL-12 expression during the host defense against Salmonella infection (Fig. 4) . It is possible that the major effect of IL-12 in the host defense against salmonellae is further downstream in the generation of the adaptive immune response. In our experiments, the time period of 1 to 6 days postinfection is too early for the generation of a fully polarized Th1 response, thereby making CCL2 regulation of IL-12 during this period unlikely to be involved in the immediate control of infection.
Finally, additional chemokines have been implicated in the host defense against salmonellae. These include CCL20 (macrophage inflammatory protein 3␣), where it has been demonstrated that infection of dendritic cells (20) and intestinal epithelial cells (25) with Salmonella induced the expression of CCL20. Treatment of Salmonella-infected mice with anti-CCL20 demonstrated an increased bacterial load in the Peyer's patches but not in the spleen (18) , demonstrating a regional role for this chemokine. Whether CCL2 can directly regulate CCL20 expression is unknown.
The present report details the critical importance of CCL2 during Salmonella infection through modulating cytokines of the innate immune system. Taken together, these data suggest an important regulatory function that CCL2 plays during innate immune responses to gram-negative bacteria and could be useful in potential therapies and drug design.
